Monosialoganglioside fraction of YAC-1 lymphoma cells was comprehensively analyzed and structurally defined by nanohigh-performance liquid chromatography (nanoHPLC) in on-line conjunction with electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-QTOF MS). An efficient separation and sensitive detection of Neu5Gc-containing gangliosides from Neu5Ac-containing analogues was for the first time accomplished in a single nanoHPLC/ESI-QTOF MS run, as demonstrated for mouse hybridoma cell GM3 fraction containing GM3(Neu5Ac) and GM3(Neu5Gc) species and further applied for the analysis of YAC-1 lymphoma cell monosialoganglioside fraction. New insights into YAC-1 monosialoganglioside mixture heterogeneity were obtained: 31 distinct species, comprising 18 Neu5Gc-containing gangliosides and 13 Neu5Ac-containing species of GM1b and GalNAc-GM1b type were found to be expressed by YAC-1 cell line. On-line structural elucidation of individually separated Neu5Ac-and Neu5Gc-containing gangliosides provided strong evidence on the "GM1b-pathway" sourcing for monosialoganglioside synthesis. Such an analytical method is documented as superior to the classical approaches by increased speed of analysis, sensitivity and level of information, being thus a viable glycolipidomic tool.
Introduction
Gangliosides are characterized by the presence of one or more sialic acid units in the oligosaccharide chain. The parent compounds are N-acetylneuraminic acid (Neu5Ac) and Nglycolylneuraminic acid (Neu5Gc), which are known to play crucial roles in various biological functions (Schauer 2000) . GM1b-type gangliosides, where the sialic acid is linked to 1 To whom correspondence should be addressed: Tel: +49-2518355127; Fax: +49-2518355121; E-mail: bindila@uni-muenster.de 2 M.Z is presently affiliated to Freiburg Institute for Advanced Studies School of Soft Matter Research, Albertstr. 19 79104 Freiburg im Breisgau terminal galactose of the Gg4Cer core, are the characteristic gangliosides of primary mouse T lymphocytes (Schwarting and Gajewski 1983; Nakamura et al. 1984 Nakamura et al. , 1987 Müthing et al. 1987 Müthing et al. , 1989 and macrophages (Yohe et al. 1991) . Due to simultaneous expression of Neu5Ac and Neu5Gc in rodent gangliosides, the carbohydrate complexity of monosialoganglioside preparations of murine leukocytes is increased: beside the ceramide heterogeneity due to the diversity of fatty acid chain lengths (C16-C24) and the different degree of fatty acid unsaturation (e.g., C24:1 versus C24:0), and GalNAc-GM1b(Neu5Gc) species harbouring same modifications in the ceramide portion additionally occur. As previously reported by us and others, YAC-1 lymphoma cells do express such compositional heterogeneity of GM1b-and GalNAcGM1b-type gangliosides (Müthing et al. 1991; Li et al. 1993) .
As general methods for identification and evaluation of Neu5Ac versus Neu5Gc in biological material electron and chemical ionization MS as per-O-trimethylsilylated compounds by GC/MS (Reuter and Schauer 1986 ) and HPLC quantification of the free Neu5Gc and Neu5Ac monosaccharides after glycosidic cleavage from their molecular precursors have been developed (Shukla and Schauer 1986) . Although these methods are highly accurate, the information on structural parameters of the parent molecule including the size of the sugar chain, type of ceramide and site of sialic acid attachment is lost.
With major advances in mass spectrometric instrumentation and method developments, ganglioside profiling and structural identification was greatly facilitated for various biological sources (Juhasz and Costello 1992; Metelmann et al. 2001; Vukelić et al. 2005; Ivleva et al. 2005 , Bindila & Katalinić 2009 . Despite this, there are still limitations in heterogeneity assignment of a complex ganglioside mixture by direct admission MS due to a dynamic range of a mixture, competing ionization properties of different ganglioside species and overlapping of isobaric structures in MS1 and of fragmentation patterns in MS2 analysis. These features are even more prominent when an unknown, complex ganglioside mixture is to be investigated. For example, molecular ion values obtained by MS 1 profiling of a ganglioside mixture containing Neu5Ac-and Neu5Ac gangliosides, such as expressed by YAC-1 lymphoma cells, cannot reflect the distinction of N-glycolyl versus N-acetyl substitution from dihydroxy versus trihydroxyceramide containing ganglioside species, based on a 16 amu difference of molecular ions. Fragmentation analysis renders diagnostic ions for a clear-cut deduction in homologs structures; however, the pattern might correspond still to overlapping structures and individual assignment might not be accurate enough. Besides, competing ionization properties and dynamic range of the mixture may still lead to missing information on mixture heterogeneity. In such case, a MS preceding separation technique such as nanoLC could address a majority of these issues . Nevertheless, the structural variety of gangliosides originating from different fatty acid chains, unsaturation degree, long chain base, and glycan chain is differently reflected in biological sources, varying from cell to cell or tissue to tissues. Thus, development of a unique analytical tool for their investigation is challenging. A nanoHPLC/MS technique has to be tailored to the specificity of the ganglioside mixture, and in general of glycosphingolipids, and required criteria for separation, as documented by our previous studies as well Bindila 2009, Zarei et al. 2008) .
In view of biological and human medical relevance of gangliosides carrying nonhuman Neu5Gc (Yin et al. 2006; Roque-Navarro et al. 2008) , we report here on a glycomic approach for complete profiling and structural assignment of Neu5Ac-and Neu5Gc-containing monosialoganglioside mixtures by nanoHPLC-separation and flow-through electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-QTOF MS). This concept for highly accurate rapid screening of complex glycosphingolipid mixtures has been focused toward efficient nanoHPLC separation of Neu5Gc-from Neu5Ac-containing homologous gangliosides and their flow-through structural characterization by data-dependent analysis (DDA). By adaptation of a recently established nanoHPLC/MS method for ganglioside analysis Kirsch and Bindila 2009 ) to ESI-QTOF MS operating in negative ion mode ionization and tandem MS, it became first time possible to identify the distinct structure of Neu5Ac-and Neu5Gc-containing GM3 species with varying fatty acids from C16 to C24 in a single run. In a highly heterogenous monosialoganglioside mixture from murine YAC-1 lymphoma cell line composed of GM1b(Neu5Ac) and GM1b(Neu5Gc) and their elongated GalNAc-GM1b(Neu5Ac) and GalNAc-GM1b(Neu5Gc) species, all species substituted with fatty acids varying in chain length and degree of unsaturation were identified by this approach. ganglioside species HPTLC Analysis of Mouse Hybridoma Cell Gangliosides. Mouse hybridoma cell GM3 fraction has been applied to HPTLC analysis under two different conditions. At physiological pH (Figure 1, lane A) , two bands attributed according to the migration behavior to GM3 (Neu5Ac) and GM3 (Neu5Gc), respectively, were observed. Using the alkaline solvent (pH 10.5; cf. Material and methods), four distinct bands tentatively assigned to GM3 (Neu5Ac) and GM3 (Neu5Gc), each with C16 and C24 fatty acid chains, were observed ( Figure 1, lane B) .
Results

Structural discrimination of
Separation/Detection of Mouse Hybridoma GM3 (Neu5Ac) and GM3 (Neu5Gc) by nanoHPLC/ESI-QTOF MS and Tandem MS.
For HPLC separation of mouse hybridoma GM3 fraction, a protocol (cf. Material and methods) consistent with the gradient program developed recently for ganglioside analysis by nanoHPLC/MALDI MS ) was adapted and found compatible to flow-through ESI-QTOF MS detection in the negative ion mode. The GM3 separation efficiency achieved under these conditions is illustrated in Figure 2 (right trace), where the overlaid extracted ion chromatogram (XIC) for the ions at m/z 1151.86 (II 3 Neu5Ac-Lc2Cer with d18:1/16:0) and 1167.81 (II 3 Neu5Gc-Lc2Cer with d18:1/16:0) are depicted. Flow-through detection of the nanoHPLC-separated components by nanoESI-QTOF MS revealed that the II 3 Neu5Ac-Lc2Cer species eluted first and were detected at min 30.30 followed after 2.5 min by II 3 Neu5Gc-Lc2Cer ( Figure 2 ). II 3 Neu5Ac-L2cCer was found to contain C16, C22, and C24 fatty acid chains, while for II 3 Neu5Gc-Lc2Cer C16, C18, and C24 fatty acid chains, where the unsaturation was exclusively observed for the C24 fatty acid chain. Using data-dependent analysis (DDA) MS/MS approach, Neu5Ac-and Neu5Gc-containing ganglio-homologs with (d18:1/24:1), detected as singly charged ions at m/z 1261.93 and 1277.99, respectively, were fragmented. The TIC-MS/MS trace is depicted in Figure 2 (insert, left trace). The structural patterns of the two components obtained by fragmentation ( Figure 3A together with the B 1 ions at m/z 290.14 (B 1 ) a direct evidence for the Neu5Ac-containing precursor. Subsequent stripping of the Gal and Glc residues up to the ceramide moiety gives rise to Y 1 and Y 0 fragment ions. A secondary fragmentation of the Neu5Ac moiety delivered the 0,2 A 1 fragment at m/z 220.13. The ring cleavage at terminal Gal, carrying Neu5Ac at m/z 406.14 176( 1,5 A 2 -H 2 O), is -along with the ions at m/z 408.18 related to the neutral loss of a carbon dioxide from B 2 Neu5AcGal
− -indicative for the II 3 Neu5Ac-Lc2 structural architecture of the selected precursor ions. A similar fragmentation pathway is observed for the precursor ions at m/z 1277.93 ( Figure 3B ). Upon the neutral loss of Neu5Gc, Y-type ions were located at the same nominal m/z values as for Neu5Ac-containing homolog in Figure 3A . The ring cleavages within the Neu5Gc residue gave rise to the 0,2 A ions at m/z 236.14, shifted thus by (amu) = 16 from the same ion type in Figure 3A (m/z 220.14), being diagnostic for the distinction of the N-glycolyl versus N-acetyl substitution. Y 0 to Y 2 fragment ions characteristic for ceramide moiety and its extension by one Glc and further Gal residues share identical nominal m/z Table I. values in both spectra in Figure 3A and B, i.e., m/z 646, 808, 970, respectively, accountable for the same type of ceramide contained by the precursor ions (d18:1/24:1) and exclude the possibility of a trihydroxy ceramide presence in the precursor ions at m/z 1277.93 ( Figure 3B ).
Structural determination of Neu5Ac-and Neu5Gc-containing GM1b and GalNAc-GM1b type monosialogangliosides from YAC-1 lymphoma cell line HPTLC Analysis of the YAC-1 Monosialoganglioside Mixture.
The monosialoganglioside YAC-1 T lymphoma cell line fraction analyzed by HPTLC along with a human brain ganglioside mixture containing GM1, GD1a, GD1b, and GT1b species as a standard (Figure 4 , lane A) was shown to contain four major distinct bands corresponding to monosialogangliosides migrating ( Figure 4 , lane B) between GM1 and GD1a species of the reference material (Figure 4, lane A) . In an earlier report, the N-substitution of the sialic acid in YAC-1 gangliosides by either N-glycolyl or N-acetyl group and the fatty acid chain length and unsaturation degree (C16:0, C24:0, and C24:1) linked to dihydroxylated monounsaturated (d18:1) sphingosine have been described, as given in the assignment of the HPTLC trace in Figure 4 (lane B) and are listed in Table I (Müthing et al. 1991) .
Separation/Detection of YAC-1 T Lymphoma Neu5Ac-and Neu5Gc-Containing GM1b and GalNAc-GM1b Type Monosialogangliosides by nanoHPLC/ESI QTOF MS and Tandem MS.
The monosialoganglioside fraction from YAC-1 T lymphoma cell line was subjected to nanoHPLC/ESI QTOF MS and MS/MS analysis under experimental conditions described above. The nanoHPLC-flow through screening procedure by nanoESI TOF MS indicated that two separation criteria were accomplished, according to (a) the N-substitution of the sialic acid residue and (b) the carbohydrate chain length. The flowthrough mass maps of individual chromatographic peaks at min 36 ( Figure 5A ), 37 ( Figure 5B ) and 39 ( Figure 5C ) indicate Separation and identification of Neu5Ac and Neu5Gc gangliosides Table I . Major GM1b-and GalNAc-GM1b-gangliosides from murine YAC-1 lymphoma cells Ganglioside fraction a GM1b GalNAc-GM1b I I V 3 Neu5Ac-Gg4Cer (d18:1/C24:0 and C24:1) -II IV 3 Neu5Ac-Gg4Cer (d18:1/C16:0) IV 3 Neu5Ac-Gg5Cer (d18:1/C24:0 and C24:1) IV 3 Neu5Gc-Gg4Cer (d18:1/C24:0 and C24:1) III IV 3 Neu5Gc-Gg4Cer (d18:1/C16:0) IV 3 Neu5Ac-Gg5Cer (d18:1/C16:0) IV 3 Neu5Gc-Gg5Cer (d18:1/C24:0 and C24:1) IV -IV 3 Neu5Gc-Gg5Cer (d18:1/C16:0)
a Numbered according to the orcinol-stained monosialoganglioside fractions of Figure 4 (lane B) determined previously (Müthing et al. 1991) .
that IV 3 Neu5Ac-Gg4Cer with various ceramide portions eluted first and were detected in a single peak at min 36 after acquisition, followed by IV 3 Neu5Gc-Gg4Cer species at min 37, IV 3 Neu5Ac-Gg5Cer at min 38, and IV 3 Neu5Gc-Gg5Cer at min 39, respectively. In summary, the order of migration of components under the present conditions is < GM2 < GM1b(Neu5Ac)
In total, 31 distinct high and low abundant ion species corresponding to GM2, GM1b, and GalNAc-extended GM1b molecular entities were detected in the YAC-1 monosialoganglioside fraction and assigned (Table II) . Beside the previously described GM1b and GalNAc-GM1b species with (d18:1/16:0), (d18:1/24:0), and (d18:1/24:1) (Müthing et al. 1991) , IV 3 Neu5Gc-Gg4Cer and IV 3 Neu5Gc-Gg5Cer were found here to express a higher degree of heterogeneity with respect to the ceramide moiety. The doubly charged ions at m/z 779.91, 793.90, and 807.99 corresponding to IV 3 Neu5Gc-Gg4Cer with (d18:1/18:0), (d18:1/20:0), and (d18:1/22:0), respectively, were detected as minor species in the spectrum in Fig- ure 5B. Similar distribution of ceramide moieties was deduced for IV 3 Neu5Gc-Gg5Cer to include species with (d18:1/18:0), (d18:1/20:0), and (d18:1/22:0) represented by low abundant doubly charged ions at m/z 881.48, 895.50, and 909.53, respectively ( Figure 5C ). Under optimized chromatographic and ionization parameters to promote a high ionic yield of the well-resolved species, distinctive structural characterization of differently N-substituted sialylated and GalNAc-extended homologous ganglioside species can be realized by tandem MS experiments in a single run. The doubly charged ions at m/z 812.82, 820.85, and 922.87, consistent with IV 3 Neu5Ac-Gg4Cer, IV 3 Neu5Gc-Gg4Cer, and IV 3 Neu5Gc-Gg5Cer, each substituted with C24:1 fatty acid and the doubly charged ions at m/z 765.80 and 867.56 representing IV 3 Neu5Gc-Gg4Cer and IV 3 Neu5Gc-Gg5Cer, respectively, both with C16:0, were submitted to nanoHPLC/ESIQTOF tandem MS experiments in DDA mode. According to TIC-MS/MS trace (Figure 6 ), the separation criteria efficiency achieved is sufficient for individual structural characterization of Neu5Gc-and Neu5Ac-containing ganglioside homologs.
The DDA-MS/MS fragmentation of precursor ions at m/z 812.82 related to IV 3 Neu5Ac-Gg4Cer ( Figure 7A ) gave rise to typical fragment ions at m/z 290.10 for the N-acetyl substituted sialic acid, beside a complete set of non-reducing end carbohydrate fragment ions arising from glycosidic cleavages such as B 1 , C 1 , C 2 , B 3 , C 4 , and B 5 . The core disaccharide and the ceramide moiety are documented by the Y 2 , Y 1 , and Y 0 sequence ions ( Figure 7A ), where the Y 0 ions at m/z 646.52 along with the Z 0 at m/z 628.56 are consistent with a dihydroxy ceramide containing C24:1 fatty acid chain. Indicative for the possible linkage Arguably, this ion could arise from a neutral loss of sialic acid residue in the formally sialylated GalGlcCer(d18:1/24:1) fragment. Under the CID fragmentation conditions, which favor the glycosidic bond cleavages while preserving the sialic acid moiety ( Figure 7A ), a secondary fragmentation via a neutral loss of sialic acid is less probable. The high abundance of B-and C-ions at m/z 655.14 and m/z 673.17, respectively, is a pertinent indication of the Neu5Ac attachment to the terminal Gal. Fragment ions at m/z 424.10 assigned to 1,5 A 2 and 2,4 A 5 /B 3 -type ions at m/z 221.10 arising from cleavage of the linkages 2 and 4 in the Glc ring of the GalGlc core are all in accord with this structural proposal of IV 3 Neu5Ac-Gg4Cer(d18:1/24:1) as a GM1b-type ganglioside.
A similar fragmentation pattern such as their homologous species ( Figure 7A ) was obtained from the precursor ions at m/z 820.85 ( Figure 7B ), shifted by (amu) = 16 from m/z 812.82 ( Figure 7A ). C-type (C 1 up to C 4 ) and B-type (B 3 and B 5 ) series of ions provide a direct evidence of the Neu5Gc sialylation, i.e., their nominal m/z values being shifted by 16 amu from their homologous ions in Figure 7B . The Y 0 -to Y 2 -type ions share identical nominal m/z values with the same type of ions derived from the IV 3 Neu5Ac-Gg4Cer(d18:1/24:1) precursors at m/z 812.82 ( Figure 7A ). This structural pattern offers again a direct proof for an identical ceramide moiety, i.e., (d18:1/24:1) exhibited by the ions at m/z 812.82 and 820.85, respectively, excluding thus any trihydroxy containing ceramide in the latter structure. Along with the C-and B-type ions, the presence of Neu5Gc in the molecule architecture of the precursor ions at m/z 820.85 can be complementary implied ( Figure 7B ).
Upon ring cleavages at the bonds 2 and 4 within the Gal and Glc residues, (2-) ( Figure 7B ) are generated and shifted down by 8 amu (for doubly charged ions) from those shown in Figure 7A , i.e., at m/z 357.13 (2-) and 438.13 (2-), respectively. The ions at m/z 922.87 detected and fragmented at min 39.70 (cf. TIC MS/MS trace in Figure 6 ) indicate the presence of the GalNAc-extended IV 3 Neu5Gc-Gg4Cer(d18:1/24:1) hence IV 3 Neu5Gc-Gg5Cer ( Figure 7C ). The most abundant fragment ions are the doubly charged ions at m/z 466.62 which differ by ∼101.5 amu from the ions at m/z 365.15 ( 2,4 A 4 ) in Figure 7B , accounting for the presence of an additional HexNAc residue.
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In analogy, the ions at m/z 547.61 (2-) shown in Figure 7C , up-shifted by ∼101.5 amu from the ions at m/z 446.15 shown in Figure 7B were attributed to the cleavage in the core Glc residue ( Figure 7C ). The second intense signal was obtained at m/z 689.13 consistent with a Neu5GcGalGalNAc composition. Along with the characteristic ions at m/z 306.10, they directly underline the presence of Neu5Gc within the molecule. Besides, the (d18:1/24.1) ceramide was identified by the ions at m/z 646.52 (Y o ) and the ions at m/z 808.53 and 970.56 defining the GlcCer and GalGlcCer composition (see also Figure 7A and B). Diagnostic ions for the location of the Neu5Gc along the carbohydrate chain and consequently of the biosynthetic pathway are the B 3 and C 3 ions at m/z 874.19 and 892.15, respectively. They correspond to a glycan composition of Neu5GcGalGalNAc 2 and could only occur if the Neu5Gc residue is linked to the outer Gal residue. Consequently, the origin of the species from a "GM1b pathway" with an extended GalNAc and an N-glycolyl substituted sialic acid can be directly diagnosed by the B 3 ions at m/z 874.19. Complementary, the GalNAcGalGalNAc structure, hence GalNAc-extended GM1b, is supported by the related ions at m/z 567.16 arising by double glycosidic bond cleavage of the inner GalNAcGal and terminal Neu5GcGal entities. It is worthwhile to note here that the ions at m/z 689.13 could presumably arise also from precursor ions exhibiting a GalNAcextended GM1a structure and thus other biosynthetic pathway than GM1b type could not be excluded based on MS/MS data solely. However, in this hypothesis, the Neu5GcGalGalNAc ions would originate from a double bond cleavage between the coreGalGlc and GalGalNAc entities. As rationalized from the complete fragmentation pathway here ( Figure 7C ) as well as in correlation with the structural patterns shown in Figure 7A and B, double bond cleavages are less prominent under these experimental circumstance. Besides, no trace of Y 2 ion containing Neu5Gc was detected, indicating that according to these fragmentation features, the origin of the precursor other than "GM1b pathway" can be excluded.
In Figure 7D and E, the structural patterns obtained by DDA-MS/MS analysis of the precursor ions at m/z 765.80 and 867.35 flow-through detected at min 38.06 and 39.75 (Figure 6 ), respectively, are presented. Based on mass map interpretation these ion species were attributed to IV 3 Neu5Gc-Gg4Cer (Figure 5B) and IV 3 Neu5Gc-Gg5Cer ( Figure 5C ) sharing the homology in the ceramide part, i.e., d18:1/16:0. Indeed, the ceramide moiety was identified from the Y 0 to Y 2 fragment ions occurring in both spectra at nominal m/z 536, 698, and 860 ( Figure 7D and E), characteristic for the Cer(d18:1/16:0), GlcCer(d18:1/16:0), and GalGlcCer(d18:1/16:0), respectively. All other B-and C-type ions shown in Figure 7D show identical nominal m/z values as the ones shown in Figure 7B , indicating thus the homology of the two IV 3 Neu5Gc-Gg4Cer(d18:1/24:1) and IV 3 Neu5Gc-Gg4Cer(d18:1/16:0) structures in their carbohydrate backbone. The structural pattern in Figure 7E corresponds to the GalNAc-GM1b with d18:1/16:0. Apart from the Y 0 to Y 2 ions, which define the ceramide type, i.e., d18:1/16:0, essentially the same B-, C-and A-type ions as in Figure 7C were here ( Figure 7E ) obtained at correspondingly identical nominal m/z values. Consequently, the carbohydrate backbone sequence ( Figure 7E ) is consistent with the one shown in Figure 7C , assigned to IV 3 Neu5Gc-Gg5Cer of the GM1b type. Again, the location of Neu5Gc at the outer Gal and subsequent elongation of the GM1b structure by one GalNAc residue is proved by diagnostic B 3 ions detected at m/z 874.19.
Discussion
So far, analyses of native Neu5Ac-and Neu5Gc-ganglioside mixtures of biological origin were primarily carried out by chromatographic techniques, such as high-performance thin-layer chromatography, anion-exchange, or reversed-phase HPLC El Rassi et al. 1989; Manzi et al. 1990; Previti et al. 1992; Heitmann et al. 1998) , where the differential detection of Neu5Ac-versus Neu5Gc-containing gangliosides could be achieved. However, the limitations to detailed characterization of Neu5Ac-and Neu5Gc-containing gangliosides of a biological source were low sensitivity (Gazzotti et al. 1985) and/or insufficient structural information. Salt gradients applied to elute the ganglioside from anion-exchange columns are not amenable for direct coupling with ESI-MS for structural pattern analysis and would mandate for an on-line microdialysis or a similar salt-removing interface (Bruggink et al. 2005) . However, the feasibility of such approach was not yet proven for separation/detection of Neu5Ac-/Neu5Gc-containing gangliosides.
In this view, a direct hyphenation of chromatography with mass spectrometry as presented in this paper appears as a superior analytical option. The distinct advantage of such an approach includes the following: (a) speed of analysis, i.e., 60 min including column conditioning between runs; (b) sensitivity of analysis, i.e., 2 pmol total mixture, low fmol level for a single component, and thus identification of minor species in the mixture is enhanced; (c) base-line separation of Neu5Ac-from Neu5Gc-containing ganglioside homologs and their structural characterization in a single run; (d) no need for sample derivatization; and (e) possibility for relative quantification of Neu5Ac-containing versus Neu5Gc-containing species in their intact forms. Thirty-one distinct monosialogangliosides were here detected (Table II) , expressing a much higher variety in the ceramide portions of the Neu5Gc-containing gangliosides. IV 3 Neu5Gc-Gg4Cer and IV 3 Neu5Gc-Gg5Cer each with (d18:1/18:0), (d18:1/20:0), and (d18:1/22:0) and their unsaturated analogs with one double bond in the fatty acid chains were here detected as new species, representing minor components of apparently low abundance. The superior sensitivity of the nanoHPLC/ESI QTOF MS method is presented here as essential prerequisite for an in-depth representation of biological GSL mixture heterogeneity.
Though, beyond the particular purpose of this study, the relative quantification of Neu5Gc versus Neu5Ac content of a ganglioside mixture is feasible. The mass maps of individually separated Neu5Gc-and Neu5Ac-containing species in YAC-1 cells indicate that the Neu5Gc-containing gangliosides predominate in abundance and number. It is tempting to speculate about the biological significance of the structural heterogeneity of YAC-1 gangliosides. They have been shown to be functionally associated as targets for natural killer cells (Yogeeswaran et al. 1981) and to exhibit immunoregulatory activity (Ladisch et al. 1983) , but the functional role of individual GM1b-and GalNAc-GM1b-gangliosides remains to be determined.
Postulated as potential tumor-associated gangliosides, Neu5Gc-containing gangliosides were found in low quantities
